Background-Oxidative stress plays a causal role in vascular injury in diabetes mellitus, but the mechanisms and targets remain poorly understood. Methods and Results-Exposure of cultured human umbilical vein endothelial cells to either peroxynitrite (ONOO
T he endothelium is thought to play a critical role in maintaining vascular homeostasis. Endothelial injury is well established in diabetes mellitus, as evidenced by increased levels of von Willebrand factor, abnormal overexpression of endothelial adhesion molecules, impaired endothelium-dependent relaxation, and accelerated apoptosis. 1 Endothelial dysfunction also is detectable in healthy first-degree relatives of subjects with type 2 diabetes mellitus who are at increased risk of developing diabetes. The Diabetes Control and Complications Trial (DCCT) and the United Kingdom Prospective Diabetes Study (UKPDS) have demonstrated the efficacy of intensive glucose control in reducing the risk of microvascular complications of diabetes
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such as retinopathy, neuropathy, and nephropathy. 2 Recent findings from the long-term follow-up of participants in the DCCT also have demonstrated a decreased incidence of atherosclerosis in study participants who intensively controlled blood glucose, suggesting that hyperglycemia is important in the development of macrovascular diseases in diabetes mellitus. 3 Mechanisms that may underlie hyperglycemia-induced vascular dysfunction include increased polyol pathway flux, altered cellular redox state, increased formation of diacylglycerol and the subsequent activation of specific PKC isoforms, and accelerated nonenzymatic formation of advanced glycation end products. Recently, Du and coworkers 4 proposed overproduction of mitochondrial superoxide anions (O 2 •Ϫ ) as the unifying mechanism for hyperglycemia-induced vascular injury. However, the molecular mechanisms tying hyperglycemia to vascular injury remain poorly understood.
Activation of phosphoinositide-3Ј-kinase (PI3K) generates lipid products, including PI (3,4,5)P 3 , initiating a cascade of serine kinase activation whereby phosphoinositide-dependent kinase-1 (PDK-1) is phosphorylated, leading to the phosphorylation and activation of Akt, other serine kinases, and their downstream substrates. The PI3K-PDK-1-Akt axis plays essential roles in cell biology, including cell growth and cell death. In addition, this pathway ultimately culminates in the pleiotropic biological actions of insulin in vascular function. In addition to its known effects on metabolism, insulin, via the PI3K-Akt axis, increases nitric oxide (NO) release by phosphorylating serine (Ser) 1177 of endothelial NO synthase. 5 The phosphatase and tensin homolog deleted on chromosome 10 (PTEN), originally identified as a tumor suppressor gene mutated in a large percentage of human cancers, 6 is considered to be a key negative regulator of the PI3K/Akt pathway. 7, 8 Previous studies have demonstrated that deletion of PTEN in muscle protects mice from insulin resistance and diabetes mellitus caused by high-fat feeding. 9 Other studies provide evidence that increased PTEN might contribute to impaired NO release in endothelial cells exposed to either free fatty acids 10 or resistin, 11 although the mechanism by which diabetes mellitus activates PTEN remains unknown.
Peroxynitrite (ONOO Ϫ ), a highly reactive oxidant formed by the diffusion-controlled reaction of O 2
•Ϫ and NO, is formed during sepsis, inflammation, diabetes mellitus, ischemia-reperfusion, and atherosclerosis and contributes to all of these pathophysiological processes. [12] [13] [14] Hyperglycemia induces O 2
•Ϫ and ONOO Ϫ overproduction, 4, 15, 16 and our laboratory has recently demonstrated that ONOO Ϫ dose dependently inhibits Akt activity. 17 However, the underlying mechanism is not understood. Because PTEN has a critical role in antagonizing PI3K pathways, we reasoned that ONOO Ϫ generated by hyperglycemia blocks PI3K/Akt activation by upregulating PTEN. In the present study, we demonstrate that ONOO Ϫ significantly increased the phosphorylation of LKB1, a tumor suppressor, 18 resulting in enhanced association and phosphorylation of PTEN by LKB1, which increased the phosphorylation, stability, and activation of PTEN in vitro and in vivo. Thus, our results suggest that diabetes mellitus, via hyperglycemia-driven ONOO Ϫ , resulted in accelerated apoptosis by LKB1-mediated but PTEN-dependent Akt inhibition.
Methods
A full description of materials and methods used, including Akt activity assay, small interfering RNA (siRNA) gene silencing, measurement of endogenous ONOO Ϫ , PTEN activity assay, in vitro kinase assays, quantitative detection of DNA fragmentation by ELISA, and immunohistochemistry, can be found in the online-only Data Supplement.
Cell Culture and Treatment With ONOO

؊ and Insulin
Human umbilical vein endothelial cells (HUVECs) and endothelial cell culture medium were purchased from Cascade Biologics (Portland, Ore). HUVECs were maintained in Medium 200 supplemented with a low-serum-growth supplement kit, penicillin (100 U/mL), and streptomycin (100 g/mL). The concentrations of ONOO Ϫ were determined spectrophotometrically in 0.1 mol/L NaOH ( 302 ϭ1670 mol · L Ϫ1 · s Ϫ1 ). To avoid a pH shift, ONOO Ϫ was diluted in 0.1 mol/L NaOH. After serum starvation for 6 hours, HUVECs were treated with 5 mol/L ONOO Ϫ as described previously. 19 Thirty-five minutes after ONOO Ϫ treatment, HUVECs were stimulated with insulin (100 nmol/L) for 10 minutes.
High-Glucose Treatment of HUVECs
After reaching confluence, HUVECs were exposed to normal glucose (NG; 5 mmol/L D-glucose), high glucose (HG; 30 mmol/L D-glucose), or hyperosmotic control (5 mmol/L D-glucose plus 25 mmol/L L-glucose) for up to 72 hours with a daily change of culture media. When needed, pharmacological inhibitors, including uric acid (0.5 mmol/L), Tempol (0.05 mmol/L), or N G -nitro-Larginine methyl ester (L-NAME; 0.5 mmol/L), were preincubated 1 hour before HG. For siRNA experiments, control or specific siRNA was added to the HUVECs and kept for the time indicated.
Streptozotocin-Induced Diabetes Mellitus
After 4 hours of fasting, 10-week-old male mice were made diabetic by injection of streptozotocin (STZ; 50 mg/kg of body weight daily) for 5 consecutive days. 20 Diabetes mellitus is defined as random blood glucose levels of Ͼ300 mg/dL. Control and STZ-injected mice were given Tempol (44 mg/kg body weight daily) in their drinking water for 28 days 21 or insulin injections (2.5 U/kg body weight twice daily). STZ animals also were injected retro-orbitally with either mouse-specific PTEN siRNA or control siRNA (200 L; final dose, 1 mg/kg) every 3 days for 6 days using in vivo jetPEI (PolyplusTransfection, Illkirch, France) according to the manufacturer's recommendations. At the time indicated, mice were euthanized by isoflurane inhalation, and aortas were removed and immediately frozen in liquid nitrogen or fixed in 4% paraformaldehyde. For further details, see the online-only Data Supplement.
Statistical Analysis
Values are presented as meanϮSD. Differences between experimental groups were determined by 1-way or 2-way ANOVA, followed by Student t test as appropriate. An unpaired Student t test was performed for single comparisons between groups. Values of PϽ0.05 were considered statistically significant.
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Results
ONOO
؊ Inhibits Akt-Ser473 Phosphorylation and Activity
To determine the effects of ONOO Ϫ on the insulin signaling cascade, we first investigated the effects of ONOO Ϫ on Akt-Ser473 phosphorylation and Akt activity in cultured HUVECs. Confluent HUVECs were treated with insulin (100 nmol/L) with or without ONOO Ϫ . As expected, insulin significantly increased the phosphorylation of Akt-Ser473 and Akt activity ( Figure 1A ) as measured by Akt-dependent GSK-3␤ fusion protein phosphorylation in in vitro assays. Exposure of HUVECs to pathologically relevant concentrations of ONOO Ϫ (5 mol/L) significantly attenuated the basal and insulin-stimulated Akt-Ser473 phosphorylation (70% and 76% reduction; PϽ0.01) and Akt activity (80% and 88% reduction; PϽ0.01) ( Figure 1A) .
We next determined whether ONOO Ϫ altered the phosphorylation of PDK1, PI3K, and Akt. The phosphorylation of PDK1 at Ser241 is reported to correlate with its activity. 22 As expected, insulin dramatically increased the Ser241 phosphorylation of PDK1 in HUVECs ( Figure 1B) . However, exposure of HUVECs to ONOO Ϫ (5 mol/L) markedly diminished insulin-enhanced Ser241 phosphorylation of PDK1.
Because a decrease in PDK-1 and Akt might be due to inhibition of insulin receptor substrate 1 (IRS)-1-dependent PI3K activation, we next determined whether ONOO Ϫ altered the Ser307 phosphorylation of IRS-1, which is reported to negatively modulate IRS-1-associated PI3K activity. 23 Unexpectedly, ONOO Ϫ inhibited the Ser307 phosphorylation of IRS-1 in HUVECs (data not shown), suggesting that the effects of ONOO Ϫ on both PDK-1 and Akt were not from decreased activation of PI3K by IRS-1.
We next determined whether ONOO Ϫ altered the phosphorylation of both PDK-1 and Akt enhanced by growth factors such as vascular endothelial growth factor (VEGF) and insulin-like growth factor (IGF). As shown in Figure 1C , both VEGF and IGF significantly increased the Ser473 phosphorylation of Akt and Akt activity. The addition of ONOO Ϫ significantly ablated VEGF-or IGF-enhanced AktSer473 phosphorylation or Akt activity ( Figure 1C ). Concomitantly, VEGF or IGF significantly increased the phosphorylation of PDK1, whereas ONOO Ϫ (5 mol/L) abolished VEGF-and IGF-stimulated PDK1 phosphorylation ( Figure  1D ). Taken together, our results suggest that ONOO Ϫ inhibited both PDK-1 and Akt, likely via the suppression of the PI3K pathway.
Inhibition of Akt by ONOO
؊ Is PTEN Dependent
The phosphorylation of both PDK1 and Akt is concomitantly controlled by levels of phosphatidylinositol-3,4,5-P3, which is regulated by PI3K and PTEN. 8 PTEN is a PtdIns-3,4,5-P 3 D3-phosphatase that inhibits both PDK and Akt signaling by dephosphorylating phosphatidylinositol-3,4,5-P3. 24 Phosphorylation of PTEN at Ser380/Thr382/383 is essential for its stability because it prevents degradation. 25, 26 Therefore, we examined the effects of ONOO Ϫ on the levels of p-PTEN-S380/T382/383 and total PTEN. As shown in Figure 2A , ONOO Ϫ (5 mol/L) significantly increased the levels of phosphorylated PTEN (S380/T382/383) by 1.5-fold. Similarly, compared with HUVECs treated with vehicles, ONOO Ϫ increased the levels of PTEN by 40% (PϽ0.05; Figure 2B ). Concomitantly, ONOO Ϫ increased PTEN activity by 2-fold under basal and insulin-stimulated conditions ( Figure 2C ).
To determine whether PTEN was responsible for ONOO Ϫ -induced Akt inhibition, HUVECs were transfected with PTEN-specific siRNA or control siRNA. As shown in Figure  2D , transfection of siRNA but not control siRNA significantly suppressed both endogenous PTEN and PTEN phosphorylation in HUVECs. However, neither PTEN-specific siRNA nor control siRNA altered the levels of Akt-Ser473 phosphorylation or Akt activity ( Figure 2D ). PTEN-specific siRNA but not control siRNA reversed ONOO Ϫ -induced inhibition on both Akt phosphorylation and Akt activity in HUVECs. In parallel, PTEN siRNA but not control siRNA abolished ONOO Ϫ -enhanced PTEN and PTEN phosphorylation in HUVECs ( Figure 2D ). Concomitantly, transfection of PTEN siRNA but not control siRNA abolished ONOO Ϫ -suppressed PDK1 phosphorylation in HUVECs ( Figure 2D ). Taken together, these results imply that ONOO Ϫ -induced Akt inhibition is PTEN-mediated.
PTEN-Dependent Akt Inhibition by ONOO ؊ Is LKB1 Mediated
We previously demonstrated that ONOO Ϫ significantly increases Ser428 phosphorylation of the serine/threonine kinase LKB1 in bovine aortic endothelial cells. 27 Moreover, evidence exists that LKB1 phosphorylates PTEN in cancer cells; 28 however, LKB1 phosphorylation site(s) had not been identified. We further assayed whether increased PTEN phosphorylation was mediated by LKB1 in HUVECs and, if so, the phosphorylation site(s) of PTEN by LKB1. As depicted in Figure 3A , ONOO Ϫ significantly increased both basal and insulin-treated LKB1-Ser428 phosphorylation by 60% (PϽ0.01). Although LKB1 is located primarily in the nucleus, 28 ONOO Ϫ significantly increased the translocation of LKB1 from the nucleus to the cytoplasm and plasma membrane ( Figure 3B ). In contrast, PTEN was located mainly in cytosols in unstimulated HUVECs. Exposure of HUVECs to ONOO Ϫ increased membrane-associated PTEN ( Figure 3C ).
To further examine the role of LKB1 in ONOO Ϫ -induced, PTEN-mediated Akt inhibition, HUVECs were transfected with LKB1 siRNA or control siRNA. Transfection of LKB1-specific siRNA but not control siRNA reduced LKB1 by 80% ( Figure 3D ). Interestingly, LKB1 siRNA but not control siRNA abolished ONOO Ϫ -enhanced PTEN phosphorylation at Ser380/Thr382/383 and AMPK phosphorylation in HUVECs ( Figure 3D ). Furthermore, LKB1 siRNA abolished ONOO Ϫ -enhanced inhibition of Akt phosphorylation, whereas control siRNA had no effect ( Figure 3D ).
We next investigated whether ONOO Ϫ increased the interaction of LKB1-PTEN. LKB1 was immunoprecipitated and Western blotted with the antibody against PTEN or vice versa. Compared with a weak association of LKB1 with PTEN in control cells, ONOO Ϫ significantly increased the association of LKB1 with PTEN ( Figure 4A and 4B).
LKB1 Phosphorylates PTEN at Ser380/Thr382/383
Phosphorylation of PTEN at Ser380/Thr382/383 within its C-terminal tail is reported to increase its stability. 25, 26 Because ONOO Ϫ increased the association of PTEN with LKB1, we first determined whether LKB1 phosphorylated PTEN in vitro. Incubation of recombinant LKB1 with recombinant Akt1 in vitro increased Akt1 phosphorylation and activity ( Figure 4C , lane 4 versus lane 2), excluding a direct inhibition of Akt1 or GSK-3␤ by LKB1. In addition, exogenous PTEN had no effect on Akt activity ( Figure 4C 
HG Induces PTEN-Dependent Endothelial Cell Apoptosis in HUVECs
Both diabetes mellitus and hyperglycemia are known to increase ONOO Ϫ , as assayed by 3-nitrotyrosine (3-NY), a footprint of ONOO Ϫ in cultured cells. 15, 16 We next determined whether HG, via ONOO Ϫ , altered the LKB1-PTENAkt axis in HUVECs. Consistent with earlier reports, 31, 32 exposure of HUVECs to HG (30 mmol/L) for 72 hours inhibited Akt Ser473 phosphorylation by 80% (PϽ0.01) ( Figure 5A ); increased the levels of both PTEN and phos- 
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phorylated PTEN (S380/T382/383) by 50% and 70%, respectively (PϽ0.01) ( Figure 5A and 5D); and increased the Ser428 phosphorylation of LKB1 ( Figure 5D ). Importantly, transfection of PTEN siRNA but not control siRNA, which did not alter LKB1 phosphorylation, abolished HG-induced inhibition of Akt phosphorylation ( Figure 5A ). These data suggest that LKB1 might be an upstream kinase for PTEN in HUVECs. Both LKB1 and PTEN are tumor suppressors, whereas Akt functions as a survival factor. Thus, an increase in the first 2 and/or suppression of the last by ONOO Ϫ are expected to cause apoptosis. Indeed, HG significantly reduced the cell viability, as assayed by 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide, and increased endothelial cell apoptosis by 130%, as measured by DNA fragmentation ( Figure 5B ). As expected, PTEN siRNA abrogated the HG-induced apoptosis in HUVECs, whereas control siRNA had no effect ( Figure 5B ).
HG Via ONOO ؊ Causes the Upregulation of LKB1 and PTEN in HUVECs
To assay the formation of ONOO Ϫ , we measured HG-induced dihydrorhodamine 123 oxidation in HUVECs. Earlier studies suggest that dihydrorhodamine 123 reacts with ONOO Ϫ but not with its precursor, O 2
•Ϫ or NO. 33 Compared with normal cells, HG but not hyperosmotic control glucose significantly increased the oxidation of dihydrorhodamine 123 ( Figure  5C ), implying that HG increased ONOO Ϫ . Concomitantly, HG but not hyperosmotic control glucose significantly increased 3-NY, a footprint in cultured endothelial cells (P.S., J.X., and M.-H.Z., unpublished data, 2007). Furthermore, administration of either an O 2
•Ϫ scavenger, Tempol, or an NO synthase inhibitor, L-NAME, both of which prevent ONOO Ϫ formation, like ONOO Ϫ scavenger uric acid, abolished HGinduced dihydrorhodamine oxidation. Because uric acid, Tempol, and L-NAME alone had no effect on basal dihydrorhodamine oxidation (data not shown), these data suggest that HG significantly increased the formation of ONOO Ϫ in HUVECs.
We next determined whether ONOO Ϫ generated by HG was involved in HG-induced PTEN-mediated Akt inhibition. Because ONOO Ϫ has a half-life of Ͻ1 second at physiological pH 7.4 34 and ONOO Ϫ can initiate both nitrosative and oxidative reactions in both in vitro and in vivo, 12, 13 scavenging of O 2
•Ϫ or inhibition of NO with L-NAME was used to obtain indirect evidence for ONOO Ϫ in HUVECs. As shown in Figure 5C and 5D, either scavenging O 2
•Ϫ with Tempol (0.05 mmol/L), a superoxide dismutase (SOD) mimetic, or L-NAME (0.5 mmol/L), a nonselective NO synthase inhibitor, abolished HG-enhanced Ser428 phosphorylation of LKB1 and the upregulation of PTEN in HUVECs. Furthermore, uric acid (0.5 mmol/L), a potent scavenger for ONOO Ϫ , had the same effects. Because none of these reagents altered the basal levels of LKB1 and PTEN in HUVECs (data not shown), these results implied that reactive nitrogen species, likely ONOO Ϫ , might play a causal role in the upregulation of LKB1 and PTEN caused by HG exposure in HUVECs.
Inhibitory Effects of Hyperglycemia on Akt Are PTEN Dependent in Diabetic Mice
We further investigated the upregulation of LKB1 and PTEN and accelerated apoptosis in diabetes mellitus in vivo. Diabetes mellitus was induced in mice by STZ injection, and mice were concomitantly treated with an SOD mimetic, Tempol, or insulin. Injection of STZ significantly increased serum glucose (460Ϯ20 mg/dL) compared with the mice with vehicle (180Ϯ15 mg/dL; nϭ5; PϽ0.01). Administration of insulin markedly reduced the glucose to levels (185Ϯ19 mg/dL) similar to those seen in vehicle. Treatment with Tempol for 4 weeks did not alter the blood glucose levels of the control mice (188Ϯ16 mg/dL; nϭ5; PϾ0.5) or the STZ-induced diabetic mice (465Ϯ23 mg/dL; nϭ5; PϾ0.5). No significant difference in body weight was observed among these groups (data not shown).
We first determined whether diabetes mellitus increased ONOO Ϫ in vivo. 3-NY, a stable marker for ONOO Ϫ , was measured in aortic homogenates in Western blots. As shown in Figure 6A , diabetes mellitus significantly increased the levels of 3-NY-positive proteins. Both insulin and Tempol treatments alone significantly attenuated the diabetesenhanced 3-NY ( Figure 6A ) whereas neither PTEN-siRNA nor control siRNA altered the levels of 3-NY ( Figure 6A ). In parallel with 3-NY reduction, administration of insulin or Tempol or PTEN-specific siRNA significantly attenuated diabetes-enhanced DNA fragmentation in mouse aortic homogenates, suggesting that diabetes mellitus via hyperglycemia-driven reactive oxygen and nitrogen species caused accelerated apoptosis.
We next determined whether LKB1-dependent PTENmediated Akt inhibition was operated in vivo. As shown in Figure 6B , STZ injection significantly increased LKB1 phosphorylation at Ser428. Administration of insulin or Tempol abolished STZ-induced LKB1 phosphorylation ( Figure 6B ). In parallel, STZ injection significantly increased the PTEN phosphorylation and PTEN levels, which was sensitive to insulin or Tempol ( Figure 6C ). Interestingly, administration of PTEN siRNA suppressed diabetes-enhanced PTEN phosphorylation and PTEN levels ( Figure 6C ) but did not alter the phosphorylation of LKB1 (Figure 6B ), suggesting that LKB1 might be an upstream kinase of PTEN. Moreover, administration of either PTEN siRNA or insulin or Tempol abolished diabetes-induced Akt inhibition ( Figure 6D ), suggesting that diabetes mellitus via reactive oxygen or nitrogen species suppressed Akt via an LKB1-dependent PTEN-mediated manner in vivo.
We next investigated the changes in endothelium caused by diabetes mellitus. As shown in Figure 7 , diabetes mellitus significantly increased 3-NY, PTEN, and apoptosis, localized mainly in endothelium ( Figure 7B, 7H, and 7N) . Interest- ingly, insulin, which lowered STZ-induced hyperglycemia, reduced STZ-enhanced 3-NY, PTEN, and apoptosis ( Figure  7C , 7I, and 7O). Similarly, administration of Tempol in STZ-injected mice also reversed the effects of diabetes mellitus on 3-NY, PTEN, and apoptosis ( Figure 7F , 7L, and 7R). Administration of PTEN-specific siRNA but not control siRNA lowered the levels of PTEN in the endothelium of aortic rings by 70% ( Figure 7K and 7J) and significantly reduced diabetes-enhanced apoptosis ( Figure 7Q ) without altering diabetes-enhanced 3-NY ( Figure 7E ). Taken together, these data imply that diabetes mellitus, via hyperglycemia-driven ONOO Ϫ , upregulated PTEN, resulting in accelerated apoptosis in endothelium.
Discussion
In the present study, we have presented evidence that hyperglycemia via ONOO Ϫ can significantly elevate levels of PTEN, which appears to mediate the inhibitory effects of HG on PI3K/Akt signaling in vascular endothelium. We also have demonstrated that LKB1 was required for ONOO Ϫ -induced Akt inhibition. Our data support the hypothesis that ONOO Ϫ production associated with HG triggers LKB1-dependent activation of PTEN, which suppresses Akt signaling and enhances apoptosis in both cultured HUVECs and vascular endothelium of the aortas from diabetic mice (Figure 8) . Thus, our results unveil a novel mechanism by which diabetes mellitus may cause vascular endothelial dysfunction and cell death.
Several lines of evidence are consistent with the hypothesis that hyperglycemia, via ONOO Ϫ , enhances PTEN stability, which suppresses PI3K-dependent phosphorylation of Akt. First, HG significantly increased ONOO Ϫ in HUVECs, as assayed by dihydrorhodamine 123 oxidation and 3-NYpositive proteins. Second, ONOO Ϫ or HG treatment of HUVECs significantly inhibited both basal and insulinstimulated phosphorylation of Akt-Ser473 and Akt activity. Third, inhibition of PTEN with siRNA but not with control siRNA prevented ONOO Ϫ or HG-induced Akt inhibition and apoptosis. Consistent with these findings, diabetic mice exhibited a parallel reduction in Ser473 phosphorylation of Akt in the aortas, along with a marked increase in PTEN. Fourth, administration of insulin, which lowered blood serum glucose to levels comparable to those in nondiabetic controls, attenuated diabetes-enhanced PTEN and Ser428 phosphorylation of LKB1. These results suggest that hyperglycemia is responsible for diabetes-enhanced PTEN upregulation. Importantly, insulin treatment also ablated 3-NY staining in •Ϫ via the SOD mimetic Tempol or nitric oxide by L-NAME or its scavenger uric acid, blocks hyperglycemia-augmented PTEN and concomitant Akt inhibition. Overall, we consider in diabetes mellitus that hyperglycemia via ONOO Ϫ increases apoptosis via an LKB1-mediated PTEN-dependent Akt inhibition. diabetes mellitus, suggesting that hyperglycemia might be a driving factor for ONOO Ϫ . Fifth, elevated LKB1 and PTEN phosphorylation and PTEN levels induced by HG were significantly abolished by either the inhibition of ONOO Ϫ formation (Tempol and L-NAME) or the ONOO Ϫ scavenger, uric acid. Finally, administration of Tempol, an SOD mimetic, which suppressed ONOO Ϫ formation as evidenced by decreased 3-NY staining, increased Akt phosphorylation but suppressed apoptosis in parallel with decreased levels of PTEN and LKB1 phosphorylation in diabetic mice, supporting a potential role of ONOO Ϫ in diabetes mellitus. Taken together, our results indicate that STZ-induced hyperglycemia inhibited PI3K/Akt by upregulating PTEN via increased stability.
We provided further evidence that the tumor suppressor LKB1 might play an important role in the development of vascular injury and insulin resistance in the vasculature. Previous studies have demonstrated that a skeletal muscleselective knockout of LKB1 can increase insulin sensitivity, 35 and several studies have suggested that LKB1 may interact with PTEN to suppress tumor growth. 28, 36 Our data reveal that LKB1 significantly increased the phosphorylation of PTEN in vitro at S380/T382/T383 sites known for prolonged stability of PTEN. Our findings are consistent with the idea that LKB1 increases the stability of PTEN by phosphorylating PTEN at Ser380/Thr382/383. First, Ser428 LKB1 phosphorylation in response to ONOO Ϫ or hyperglycemia was accompanied by increased PTEN phosphorylation. Second, ONOO Ϫ notably augmented the translocation of LKB1 from the nucleus to the cytoplasm and cytoplasmic membranes. Third, knockdown of LKB1 with LKB1-specific siRNA clearly normalized phosphorylated PTEN and restored Akt phosphorylation inhibited by ONOO Ϫ . Fourth, LKB1 and PTEN interactions, which were weak under control or insulin-treated conditions, were significantly enhanced after ONOO Ϫ treatment. Finally, in STZ-induced diabetic mice, increases in aortic levels of PTEN, Ser428-phosphorylated LKB1, and 3-NY occurred in parallel with a reduction in Ser473 Akt phosphorylation. To the best of our knowledge, this is the first direct evidence that ONOO Ϫ augments the functional link between LKB1 and PTEN.
Recent evidence indicates that diabetes mellitus and hyperglycemia cause oxidant stress. 37 Endothelial cells are capable of generating ONOO Ϫ because of their capacity to simultaneously produce O 2
•Ϫ and NO. 38, 39 Previous studies have demonstrated that HG augments O 2
•Ϫ release, 4,40,41 which traps the vasorelaxant NO, leading to increased ONOO Ϫ levels in endothelial cells. 15 Recent clinical data found that 3-NY staining was associated with increased apoptosis in diabetes mellitus, suggesting a correlation between apoptosis and ONOO Ϫ generation. For example, Frustaci et al 1 found that apoptosis increased 61-and 85-fold in endothelial cells and cardiomyocytes, respectively, in ventricular myocardial biopsies from diabetic humans. However, these studies did not establish a causal role of ONOO Ϫ in diabetic apoptosis. In the present study, we have for the first time demonstrated that ONOO Ϫ -dependent PTEN caused apoptosis in diabetes mellitus. However, our results might be applied only to cells or tissues when NO is present because ONOO Ϫ formation requires NO. In the absence of NO, O 2
•Ϫ might become hydrogen peroxide, which, unlike ONOO Ϫ , causes oxidative inactivation as a result of disulfide bond formation in PTEN. [42] [43] [44] Recently, it has been shown that upregulation of PTEN is involved in the inhibitory effects of resistin and free fatty acids on insulin signaling in endothelial cells. 10, 11 Indeed, Nakashima et al 45 demonstrated that overexpression of PTEN in 3T3-L1 cells inhibits glucose uptake and GLUT4 translocation in vitro, whereas microinjection of a PTEN antibody increases basal and insulin-stimulated GLUT4 translocation in vitro. Tissue-specific deletion of PTEN in liver, 46 muscle, 9 and adipose tissue 47 results in insulin hypersensitivity. More interestingly, systemic administration of PTEN antisense oligonucleotides once a week for 4 weeks can reverse hyperglycemia in db/db (mutations in the gene that encodes the receptor for leptin) and ob/ob diabetic mice. 48 Thus, our observations may hold importance for insulin resistance in type 2 diabetes mellitus. Although we have shown that administration of PTEN siRNA for 6 days can completely restore Akt phosphorylation in mice aortas, this treatment did not reverse hyperglycemia. Nevertheless, our experimental paradigm in endothelial cells suggests that PTEN may be a promising target for therapeutic intervention for diabetic complications. In the insulin-resistant state, the metabolic IRS/PI3K/PDK/Akt branch becomes insensitive to insulin stimulation. More importantly, in the presence of defective insulin-stimulated glucose uptake, a defect in insulin-induced endothelium-dependent vasodilation also exists, suggesting a systemic deregulation of the PI3K/Akt pathway responsible for changes in insulin-regulated metabolism and cardiovascular functions. Our results show that hyperglycemia can increase PTEN levels and that PTEN-specific siRNA can reverse the inhibitory effects of hyperglycemia on Akt activation. These results suggest that the upregulated PTEN may mediate the inhibitory effects of hyperglycemia on insulin signaling and endothelial NO synthase activation in endothelial cells. Because PTEN plays an essential role in maintaining cell survival/death signals, upregulation of PTEN by ONOO Ϫ -dependent LKB1 may provide a link between oxidative stress and endothelial injury, an early phenomenon observed in type 1 and 2 diabetes mellitus.
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